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[bookmark: _Toc193615429]Introduction
An analytical investigation was conducted to estimate the longitudinal displacements of an integral abutment during a seismic event.  Displacements were computed based on the design ground motions developed in Chapter 2.  Portions of the analytical model were calibrated to the field results discussed in Chapter 3.  The computed seismic displacements are compared to the allowable displacements developed based on laboratory experiments discussed in Chapter 4.  
[bookmark: _Toc193615430]Modeling Approach
A series of detailed two-dimensional models were constructed using SAP2000 v9.  The two-dimensional models represent the bridge, including the foundation piles, as a portal frame.  The model is fixed at the base of the piles.  The soil surrounding the piles and behind the abutments are modeled as a series of non-linear spring elements.  Intermediate bridge piers are modeled as roller supports.  This assumption is conservative for the estimation of abutment displacements and represents typical construction with the use of elastomeric bearings.  A typical two-dimensional bridge model is shown in Figure 5.1.  The modeling geometry and properties of each element of the two-dimensional model are discussed in the following sections.  
[bookmark: _Toc193615431]Geometry
Five bridge lengths were used in this investigation: 200 ft, 400 ft, 600 ft, 800 ft, and 1000 ft.  The span lengths for each case were 60-70 ft.  An abutment height of 10 ft and pile length of 40 ft was used for all cases.  The selected span lengths, abutment heights, and pile lengths represent typical construction.  The geometry and support conditions of these models are summarized in Figure 5.2.  These layouts are considered the control geometry.  The effect of varying span length will also be considered.  The superstructure was discretized into 10 ft elements to ensure a reasonable distribution of mass.  To allow the incorporation of soil springs, the abutments were discretized into 1 ft elements.  Similarly, the piles were discretized into 1 ft elements for the top 10 ft of pile and 2 ft elements for the remaining 30 ft.
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[bookmark: _Ref191553772][bookmark: _Toc193615518]Figure 5.1: General Two-Dimensional Bridge Model

[bookmark: _Toc193615432]Superstructure Element Properties
The superstructure elements were modeled after the SR18 Bridge discussed in the field investigation which represents a fairly typical integral abutment bridge.  The idealized cross-section used in the analysis is shown in Figure 5.3.  Accordingly, the superstructure elements have a moment of inertia of 4.56 x 106 in.4 and a cross-sectional area of 9,100 in.2  The modulus of elasticity for the superstructure elements was taken as 3,600 ksi which corresponds to a concrete strength of 4000 psi.  As mentioned previously, the superstructure elements have a length of 10 ft.
[bookmark: _Toc193615433]Abutment Element Properties
The abutment was assumed to be 10 ft high, 50 ft wide, and 3 ft deep corresponding to a moment of inertia of 2.33 x 106 in4 and a cross-sectional area of 21,600 in.2  The modulus of elasticity of the abutment elements were taken as 3,600 ksi.  The abutment was modeled with 1 ft elements to allow the incorporation of the abutment-soil springs.
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[bookmark: _Ref191547880][bookmark: _Toc193615519]Figure 5.2: Analysis Geometry
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[bookmark: _Ref191554904][bookmark: _Toc193615520]Figure 5.3: Superstructure Element Properties


[bookmark: _Toc193615434]Pile Element Properties
For the pile elements, it was assumed that the abutment was supported on a single row of 10 – HP12X53 piles oriented in weak-axis bending.  The HP12X53 section is the smallest typically used in integral abutment construction in Indiana and represents a lower bound in terms of lateral pile stiffness.  The moment of inertia and cross-section area for a single HP12X53 pile are 127 in.4 and 15.5 in.2, respectively.  The row of ten piles are then lumped together in the two-dimensional model resulting in a pile element with a moment of inertia and cross-sectional area of 1,270 in.4 and 155 in.2, respectively.  The piles are modeled using 1 ft elements for the first 10 ft of pile and 2 ft elements for the remaining 30 ft. 
[bookmark: _Toc193615435]Pile-Soil Spring Properties
The pile-soil springs were modeled using non-linear link elements with elastic-plastic force-displacement characteristics as shown in Figure 5.4.  The values for k and Pu were computed using the following expressions which are based on the recommendations of Greimann (1984):

	
	
	1. 
2. 
3. 
4. 
5. 
(5.1) 



	
	
	(5.2) 



	
	
	(5.3) 


where:
k 	= 	spring stiffness (lbs/ft)
Pu 	=	maximum spring force (lbs)
u	=	displacement associated with Pu (ft)
J   	= 	200 for loose sand ( = 30°)
      =	600 for medium sand ( = 35°)
      =	1500 for dense sand ( = 40°)
 	= 	unit weight of soil (lbs/ft3)
z 	=	depth below ground surface (ft)
s 	= 	spring spacing (ft)
B 	= 	pile width (ft)
kp 	= 	coefficient of passive earth pressure
    	=	

It may be seen from Eq (5.1) and Eq (5.2) that the spring stiffness and maximum spring force increase linearly with depth.  However, u depends angle of internal friction, , and pile width, B, and does not vary with depth.  The pile-soil spring parameters computed according to these relationships are given in Table 5.1.  The values presented in this table are for a single HP12X53 pile.  Because ten piles are considered in the analysis, the table values are multiplied by 10 for use in the two-dimensional models.
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[bookmark: _Ref191615217][bookmark: _Toc193615521]Figure 5.4: Typical Pile-Soil Spring  

[bookmark: _Ref191627960][bookmark: _Toc193615468]Table 5.1: Pile-Soil Spring Parameters
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[bookmark: _Toc193615436]Abutment-Soil Spring Properties
The abutment-soil springs were modeled using non-linear link elements.  These elements have an elastic-plastic, force-displacement relationship in compression and zero force in tension.  A typical force-displacement relationship is shown in Figure 5.5.  This force-displacement relationship is used because the backfill material provides resistance as the abutment moves toward the soil but not as the abutment moves away from the backfill material.  The ultimate capacity of the abutment-soil springs was based on the Rankine passive earth pressure and the geometry of the model.  Accordingly, the ultimate capacity for each spring was computed as:
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[bookmark: _Ref191630319][bookmark: _Toc193615522]Figure 5.5: Typical Abutment-Soil Spring


	

	

	(5.4) 



where:
w 	= 	abutment width (ft)
s	 = 	spring spacing (ft)
Two approaches were taken for the calculation of k and u: estimating u based on common design assumptions and then computing k (displacement approach), and estimating k based on the field investigation and computing u (stiffness approach).  The details of each approach are discussed in the following sections and the values used in the two-dimensional model are shown in Table 5.2.
[bookmark: _Toc193615437]Displacement Approach
It is commonly accepted that it takes much more movement for a mass of soil to achieve a passive state than an active state.  However, the magnitude of movement required to reach the passive state is not well understood.  It is commonly assumed in design that the required movement is 2% of the wall height.  This value also appears in the AASHTO Specifications (AASHTO 2002, 2004).  For the models used in this investigation, it was assumed that the maximum spring force was reached at a displacement, u = 0.02(10 ft) = 0.2 ft or 2.4 in.
[bookmark: _Toc193615438]Stiffness Approach
The abutment-soil spring stiffnesses were also estimated based on the measured subgrade modulus, nh, discussed in Chapter 3.  It was shown in Chapter 3 that the measured subgrade modulus was approximately 11 ksf/in. at the level of the earth pressure cells located 8.75 ft below the ground surface.  For the stiffness approach it was assumed that the subgrade modulus varied linearly from a value of zero at the ground surface (z = 0) to a value of 11 ksf/in. at the location of the earth pressure cells (Figure 5.6).  The subgrade modulus at any depth may then be expressed as:

	
	
	(5.5) 



	where:
		z    =    depth below ground surface (ft)
		s    =    spring spacing (ft)

The spring stiffness may then be computed as:

	
	
	(5.6) 



As can be seen in Table 5.2, the spring stiffnesses computed by this approach are approximately 7 times stiffer than those computed from the displacement approach.  Both approaches will be used to the analyses to determine the influence on overall abutment response.  Also shown in the table are spring stiffness values for a subgrade modulus of 5.5 ksf/in. and 22 ksf/in. representing one-half and twice the measured value respectively.  These values will be used to determine the sensitivity of the model to the value of subgrade modulus. 
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[bookmark: _Ref194567594][bookmark: _Toc193615523]Figure 5.6: Variation of Subgrade Modulus

[bookmark: _Toc193615439]Analysis Cases
Five series of analyses were conducted to evaluate the effects of: (1) no backfill resistance, (2) backfill stiffness, (3) backfill strength, (4) span length, and (5) the “pin” detail which was tested in the experimental investigation.  The details of each series are discussed in the following sections and summarized in Table 5.3.  For each series, displacements of the abutment were computed using the 26 ground motions described in Chapter 2: 8 unscaled motions, 6 AASHTO-scaled motions, 6 EE-scaled motions, and 6 MCE-scaled ground motions.  Non-linear time-history analysis was performed for all cases.  While a spectral analysis could be performed with the design spectra, this procedure cannot account for the non-linearity of response.  Therefore the scaled ground motions developed in Chapter 2 were used.  Is should be noted that the unscaled records represent actual ground motions and are useful in that regard.  However, they do not necessarily represent design requirements for Indiana.
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[bookmark: _Toc193615440]Series 1 – Pile Springs (No Backfill)
Models constructed for Series 1 had no abutment-soil springs.  Lateral load resistance was provided by the foundations piles and pile-soil springs only.  To determine the influence of soil stiffness, three soil stiffnesses were included in Series 1: loose ( = 30°), medium ( = 35°), and dense ( = 40°).  The pile-soil spring values corresponding to these three cases were shown previously in Table 5.1.    
[bookmark: _Toc193615441]Series 2 – Backfill Stiffness
Models constructed for Series 2 included abutment-soil springs.  Lateral load resistance was provided by the abutment-soil springs, foundation piles, and pile-soil springs.  For Series 2 the pile-soil springs values corresponding to a medium soil stiffness ( = 35°) were used.  The abutment-soil spring properties were derived using two approaches: (1) the displacement approach and (2) the stiffness approach.  These approaches were discussed previously, and the abutment-soil spring parameters were shown in Table 5.2.  For the displacement approach a single value of u/H = 0.02 was used.  For the stiffness approach, three values of subgrade modulus were used: the measured value of 11,000 psf/in., one-half the measure value (5,500 psf/in.), and two times the measured value (22,000 psf/in.).  The three values of subgrade modulus were intended to evaluate the sensitivity of the response to this parameter.  

[bookmark: _Toc193615442]Series 3 – Backfill Strength
Models constructed for Series 3 were intended to examine the effects of the ultimate strength, Pmax, of the backfill on abutment response.  For Series 3, the soil-pile spring values corresponding to a medium soil stiffness ( = 35°) were used.  The soil-abutment spring stiffnesses used in Series 3 correspond to the case where nh = 11,000 psf/in.  Two cases of ultimate backfill strength were used: one-half of the ultimate value computed by the Rankine earth pressure theory and two times the value computed by the Rankine earth pressure theory (Table 5.2).  
[bookmark: _Toc193615443]Series 4 – Span Length
Models constructed for Series 4 were intended to examine the effects of span length on the abutment response.  The span lengths used in the other analysis series are shown in Figure 5.2.  For Series 4, all models have 100 ft span lengths.  Pile-soil spring parameters correspond to the medium soil stiffness case ( = 35°).  Abutment-soil springs correspond to the stiffness approach where nh = 11,000 psf/in and Pmax is computed using the Rankine earth pressure theory. 
[bookmark: _Toc193615444]Series 5 – Pin Detail
Models constructed for Series 5 were intended to evaluate the effects of the “pin” detail, discussed Chapter 4, on abutment response.  The pin was modeled as a moment release in the pile-element which connects to the abutment resulting in zero-moment at the joint where the abutment and pile elements meet.  Pile-soil spring parameters correspond to the medium soil stiffness case ( = 35°).  Abutment-soil springs correspond to the stiffness approach where nh = 11,000 psf/in and Pmax is computed using the Rankine earth pressure theory.  



[bookmark: _Ref193016501][bookmark: _Toc193615470]Table 5.3: Analysis Cases
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Table 5.3 (continued): Analysis Cases
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[bookmark: _Toc193615445]Results
The fundamental period of vibration of the analytical models were computed. Figure 5.7 shows the variation of fundamental period with bridge length and backfill stiffness.  The values of fundamental period shown in Figure 5.7 are based on a linear elastic analysis and do not reflect the effects the nonlinearity of the soil springs.  The design displacement spectra were computed for Evansville, IN and are presented in Figure 5.8.  Figure 5.7 and Figure 5.8 may be used to roughly estimate the displacement of the abutment.  It can be seen that, in the absence of backfill resistance, the fundamental period ranges from approximately 0.4 – 1.4 sec corresponding to an MCE displacement of approximately 2-6 in.  It may also be seen that, incorporating backfill resistance, the fundamental period ranges from approximately 0.2 – 0.8 sec corresponding to an MCE displacement of approximately 0.5 – 3.5 in.  Further, using the observed value of backfill stiffness (11,000 psf/in.), the fundamental period ranges from approximately 0.2 – 0.5 sec corresponding to an MCE displacement of approximately 0.2 – 2 in.  These displacement values are rough estimates assuming an elastic response.  Inelasticity would be expected to lengthen the period.  The computed displacements considering inelastic response are presented in the following sections. 
Only maximum displacements of the abutments are presented in this study.  The displacement values reported refer to the lateral displacements of the abutment at the location of abutment-pile connection.  These displacements may be directly compared to the results of the laboratory investigation.  Numerical results are given in Table 5.4 - Table 5.8.  The event numbers shown in the tables correspond to those listed in Table 2.2.  The values of average maximum displacements were tabulated separately for Eastern and Western U.S. ground motions.  It should be noted that for the Eastern records, only the Saguenay event was scaled as discussed previously in Chapter 2.  The average maximum displacement values are presented graphically in Figure 5.9 - Figure 5.13.  
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[bookmark: _Ref196195088]Figure 5.7: Fundamental Period of Vibration for various Bridge Lengths

[image: ]

[bookmark: _Ref196196373]Figure 5.8: Evansville Design Displacement Spectra
[bookmark: _Toc193615446]Series 1 – No Backfill Resistance
The numerical results of the Series 1 models are presented in Table 5.4.  The average maximum displacement values are presented in graphical form in Figure 5.9.  The shaded areas of the figure represent the range of displacement results for different soil conditions.  The bold line represents the medium condition ( = 35°).  The upper and lower bound of the shaded regions are the loose ( = 30°) and dense ( = 40°) conditions, respectively.  The zero-damage and acceptable-damage displacement limits determined in Chapter 4 are also shown in Figure 5.9.  
For the AASHTO ground motions, none of the models exceeded the zero-damage displacement limit.  For the EE ground motions, the zero-damage displacement limit was exceeded for Western U.S. ground motions with bridge lengths greater than 600 ft and a loose soil condition.  For the MCE ground motions, the computed displacements exceeded the zero-damage limit for all bridge lengths using Western U.S. ground motions.  The MCE ground motions exceeded the acceptable-damage limit for lengths longer than 300 ft on dense soil and lengths longer than 800 ft for medium soil.  The zero-damage limit was not exceeded in any case for the Eastern U.S. ground motion.
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Table 5.4 (continued): Maximum Abutment Displacement (in.) – Series 1
)
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[bookmark: _Ref191743476][bookmark: _Toc193615524]Figure 5.9: Average Maximum Abutment Displacements – Series 1


[image: ]



Figure 5.7 (continued): Average Maximum Abutment Displacements – Series 1
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Figure 5.7 (continued): Average Maximum Abutment Displacements – Series 1
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Figure 5.7 (continued): Average Maximum Abutment Displacements – Series 1



[bookmark: _Toc193615447]Series 2 – Backfill Stiffness
The numerical results of the Series 2 models evaluating backfill stiffness are presented in Table 5.5.  The average maximum displacement values are presented in graphical form in Figure 5.10.  The shaded areas of the figure represent displacements values based on a range of values of nh used in the stiffness approach.  The zero-damage and acceptable-damage displacement limits are also shown in Figure 5.10.  
The displacements computed for Series 2 are generally smaller than those in Series 1 as expected due to the presence of the backfill.  The displacements of the abutment computed using abutment-soil spring parameters based on the u/H = 0.02 criteria correspond roughly to the case of no backfill resistance and dense soil considered in Series 1.  The displacements of the abutment computed using the abutment-soil spring parameters based on the stiffness approach are significantly less than the displacements computed in Series 1 for all cases.  For the AASHTO and EE ground motions, the computed responses did not exceed the zero-damage limit for any case.  For the MCE ground motions, the computed displacements exceeded the zero-damage limit for bridge lengths greater than approximately 300 ft for abutment-soil springs based on the displacement approach and approximately 700 ft for abutment-soil springs based on the stiffness approach.  In no case did the computed displacements exceed the acceptable-damage limit.  In addition, the zero-damage limit was not exceeded for any case using Eastern U.S. ground motions.
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[bookmark: _Ref191744139][bookmark: _Toc193615525]Figure 5.10: Average Maximum Abutment Displacements – Series 2


[image: ]


Figure 5.8 (continued): Average Maximum Abutment Displacements – Series 2
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Figure 5.8 (continued): Average Maximum Abutment Displacements – Series 2
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Figure 5.8 (continued): Average Maximum Abutment Displacements – Series 2



[bookmark: _Toc193615448]Series 3 – Backfill Strength
The numerical results of the Series 3 models evaluating the influence of backfill strength are presented in Table 5.6.  The average maximum displacement values are presented in graphical form in Figure 5.11.  For comparison, the results of Series 2 for nh = 11,000 psf/in and Pmax = Pp have been reproduced in the figure.  The zero-damage and acceptable-damage displacement limits determined in Chapter 4 are also shown.
As shown, varying the ultimate strength of the backfill material had relatively little effect on the displacements of the abutment.  In no case did the computed displacements exceed the zero-damage limit.
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[bookmark: _Ref193018474][bookmark: _Toc193615526]Figure 5.11: Average Maximum Abutment Displacements – Series 3
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Figure 5.9 (continued): Average Maximum Abutment Displacements – Series 3
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Figure 5.9 (continued): Average Maximum Abutment Displacements – Series 3
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Figure 5.9 (continued): Average Maximum Abutment Displacements – Series 3





[bookmark: _Toc193615449]Series 4 – Span Length
The numerical results of the Series 4 models are presented in Table 5.7 to evaluate the influence of bridge span length.  The average maximum displacement values are presented in graphical form in Figure 5.12.  For reference, the results of Series 2 for nh = 11,000 psf/in. have been reproduced in the figure.  The only difference between this case and Series 4 is span length.  The zero-damage and acceptable-damage displacement limits determined in Chapter 4 are also shown.
As shown, varying the span length of the models had relatively little effect on the displacements of the abutment.  This was expected since the use of roller supports at the intermediate piers eliminates the influence of pier stiffness.  In no case did the computed displacements exceed the zero-damage limit.
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[bookmark: _Ref193018629][bookmark: _Toc193615527]Figure 5.12: Average Maximum Abutment Displacements – Series 4
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Figure 5.10 (continued): Average Maximum Abutment Displacements – Series 4
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Figure 5.10 (continued): Average Maximum Abutment Displacements – Series 4
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Figure 5.10 (continued): Average Maximum Abutment Displacements – Series 4



[bookmark: _Toc193615450]Series 5 – Pin Detail
The numerical results of the Series 5 models evaluating the influence of the pin detail are presented in Table 5.8.  The average maximum displacement values are presented in graphical form in Figure 5.13.  For reference, the results of Series 2 for nh = 11,000 psf/in. have been reproduced in the figure.  The only difference between this series and Series 5 is the inclusion of the pin detail.  The zero-damage and acceptable-damage displacement limits determined in Chapter 4 are also shown.
As shown in the figures, the addition of the “pin” detail had relatively little effect on the displacements of the abutment.  In no case did the computed displacements exceed the zero-damage limit.  It should be noted that, although the computed displacements were compared to the zero-damage limit, the zero-damage limit does not have any real meaning for the pin detail.  As discussed on the Chapter 4, the pin detail had very little resistance to lateral loads throughout the range of displacements tested.  
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[bookmark: _Ref193018142][bookmark: _Toc193615528]Figure 5.13: Average Maximum Abutment Displacement – Series 5
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Figure 5.11 (continued): Average Maximum Abutment Displacement – Series 5
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Figure 5.11 (continued): Average Maximum Abutment Displacement – Series 5
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Figure 5.11 (continued): Average Maximum Abutment Displacement – Series 5



[bookmark: _Toc193615451]Conclusions
Based on the results of the analytical investigation, soil stiffness and backfill stiffness were identified as the primary variables influencing displacements of the abutment.  Backfill strength, “pin” detail, and span length were determined to be secondary variables.  In the previous sections, the average maximum abutment displacements were used to compare the relative effects of the variables under consideration.  The computed average maximum abutment displacements for Series 2 using the stiffness approach are reproduced in Figure 5.14 along with an additional curve showing the maximum computed displacements for the case of nh = 5500 psf/in (one-half of the measured field value).  As shown in the figure, the maximum computed abutment displacement does not vary much from the average for bridge lengths less than approximately 500 ft.  For bridge lengths longer than approximately 500 ft the maximum computed abutment displacement is significantly larger than the average value.  However, in no case did the maximum computed abutment displacement exceed the acceptable-damage limit for bridge lengths less than or equal to 1000 ft.  Therefore, it was estimated that bridges less than approximately 1000 ft in length would experience an acceptable level of damage while bridges less than approximately 500 ft would experience no significant damage during the MCE.
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[bookmark: _Ref196213434]Figure 5.14: Comparison of Computed Average and Maximum Abutment Displacements (Series 2)
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P

p

60-70 no

24 800 35 11,000

P

p

60-70 no

25 1000 35 11,000

P

p

60-70 no

26 200 35 22,000

P

p

60-70 no

27 400 35 22,000

P

p

60-70 no

28 600 35 22,000

P

p

60-70 no

29 800 35 22,000

P

p

60-70 no

30 1000 35 22,000

P

p

60-70 no

Series 1 - Pile Springs (No Backfill)

Series 2 - Backfill Stiffness

P

max

Model

L

f

k

No

Abutment-Soil

 Springs
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Span Pin

Length Detail

(ft) (deg) (psf/in.) (psf) (ft)

31 200 35

P

p

/0.02H P

p

60-70 no

32 400 35

P

p

/0.02H P

p

60-70 no

33 600 35

P

p

/0.02H P

p

60-70 no

34 800 35

P

p

/0.02H P

p

60-70 no

35 1000 35

P

p

/0.02H P

p

60-70 no

36 200 35 11,000

0.5 P

p

60-70 no

37 400 35 11,000

0.5 P

p

60-70 no

38 600 35 11,000

0.5 P

p

60-70 no

39 800 35 11,000

0.5 P

p

60-70 no

40 1000 35 11,000

0.5 P

p

60-70 no

41 200 35 11,000

2 P

p

60-70 no

42 400 35 11,000

2 P

p

60-70 no

43 600 35 11,000

2 P

p

60-70 no

44 800 35 11,000

2 P

p

60-70 no

45 1000 35 11,000

2 P

p

60-70 no

46 200 35 11,000

P

p

100 no

47 400 35 11,000

P

p

100 no

48 600 35 11,000

P

p

100 no

49 800 35 11,000

P

p

100 no

50 1000 35 11,000

P

p

100 no

51 200 35 11,000

P

p

60-70 yes

52 400 35 11,000

P

p

60-70 yes

53 600 35 11,000

P

p

60-70 yes

54 800 35 11,000

P

p

60-70 yes

55 1000 35 11,000

P

p

60-70 yes

P

max

Series 2 

(continued)

Series 4 

Span Length

Series 5 

Pin Detail

Model

L

f

k

Series 3 - Backfill Strength
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L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 0.11 0.33 0.04 0.16 0.15 3.31 4.09 2.77 2.06 3.03 3.05 0.74

400 0.13 0.40 0.02 0.18 0.19 4.11 5.33 3.69 2.27 4.12 3.91 1.10

600 0.13 0.35 0.02 0.16 0.17 3.70 5.41 5.93 2.27 6.44 4.75 1.73

800 0.12 0.43 0.02 0.19 0.21 2.90 6.92 7.39 4.22 9.07 6.10 2.50

1000 0.11 0.44 0.02 0.19 0.22 3.89 8.19 6.23 4.67 7.52 6.10 1.83

200 0.08 0.33 0.07 0.16 0.15 2.80 2.12 3.11 0.92 1.75 2.14 0.87

400 0.10 0.29 0.04 0.14 0.13 3.29 4.76 3.29 2.13 3.01 3.30 0.95

600 0.11 0.34 0.02 0.16 0.16 3.83 4.76 3.42 2.15 3.72 3.58 0.94

800 0.12 0.29 0.02 0.14 0.14 3.54 4.95 4.02 1.36 5.76 3.93 1.67

1000 0.11 0.30 0.02 0.14 0.15 3.10 4.84 5.79 2.97 7.12 4.76 1.78

200 0.05 0.35 0.02 0.14 0.18 1.49 1.27 2.61 0.58 1.73 1.53 0.74

400 0.07 0.26 0.08 0.14 0.11 2.59 2.62 2.31 1.53 1.98 2.21 0.46

600 0.09 0.28 0.04 0.14 0.13 2.87 4.08 2.99 1.97 2.72 2.92 0.76

800 0.10 0.34 0.02 0.15 0.17 3.50 3.90 3.19 1.88 3.39 3.17 0.76

1000 0.10 0.34 0.02 0.15 0.17 3.15 4.21 2.95 1.38 4.46 3.23 1.22

200 -- 0.20 -- -- -- 0.82 0.70 0.65 1.18 0.50 0.77 0.25

400 -- 0.24 -- -- -- 1.27 1.38 0.72 1.37 0.82 1.11 0.32

600 -- 0.21 -- -- -- 1.21 1.28 0.75 1.24 1.20 1.14 0.22

800 -- 0.26 -- -- -- 1.11 1.37 0.97 2.16 1.20 1.36 0.47

1000 -- 0.26 -- -- -- 0.96 1.40 1.36 2.38 1.80 1.58 0.54

200 -- 0.20 -- -- -- 0.60 0.39 0.54 0.54 0.35 0.49 0.11

400 -- 0.18 -- -- -- 0.84 0.70 0.57 1.16 0.51 0.76 0.26

600 -- 0.20 -- -- -- 1.13 1.27 0.68 1.26 0.59 0.99 0.33

800 -- 0.18 -- -- -- 1.24 1.14 0.68 1.03 0.79 0.98 0.23

1000 -- 0.18 -- -- -- 1.10 1.22 0.70 1.21 1.18 1.08 0.22

200 -- 0.19 -- -- -- 0.23 0.26 0.40 0.28 0.35 0.30 0.07

400 -- 0.12 -- -- -- 0.75 0.47 0.59 0.65 0.35 0.56 0.16

600 -- 0.17 -- -- -- 0.81 0.65 0.47 1.08 0.45 0.69 0.26

800 -- 0.20 -- -- -- 0.95 1.11 0.59 1.14 0.51 0.86 0.29

1000 -- 0.19 -- -- -- 1.10 0.97 0.61 1.06 0.71 0.89 0.22

Loose

Medium

Dense

UNSCALED

AASHTO

Dense

Loose

Medium

Western U.S. Ground Motions

Eastern U.S. Ground Motions
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L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 -- 0.33 -- -- -- 1.40 1.14 0.99 2.06 0.75 1.27 0.50

400 -- 0.40 -- -- -- 2.26 2.05 1.09 2.27 1.27 1.79 0.57

600 -- 0.35 -- -- -- 2.04 2.14 1.16 2.27 1.96 1.91 0.44

800 -- 0.43 -- -- -- 1.67 2.19 1.59 4.22 1.89 2.31 1.09

1000 -- 0.44 -- -- -- 1.68 2.74 2.18 3.50 2.85 2.59 0.69

200 -- 0.33 -- -- -- 1.17 0.62 0.86 0.92 0.54 0.82 0.25

400 -- 0.29 -- -- -- 1.57 1.42 0.79 2.13 0.81 1.35 0.56

600 -- 0.34 -- -- -- 2.04 1.83 1.05 2.15 0.93 1.60 0.57

800 -- 0.29 -- -- -- 1.85 1.95 1.02 1.36 1.22 1.48 0.40

1000 -- 0.30 -- -- -- 1.71 1.99 1.19 2.97 1.83 1.94 0.65

200 -- 0.35 -- -- -- 0.50 0.44 0.65 0.58 0.52 0.54 0.08

400 -- 0.26 -- -- -- 1.32 0.84 0.88 1.53 0.52 1.02 0.40

600 -- 0.28 -- -- -- 1.42 1.41 0.69 1.97 0.75 1.25 0.53

800 -- 0.34 -- -- -- 1.65 1.75 0.95 1.88 0.81 1.41 0.49

1000 -- 0.34 -- -- -- 1.72 1.64 0.92 1.38 1.00 1.33 0.36

200 -- 0.59 -- -- -- 3.31 4.09 1.82 5.01 2.16 3.28 1.33

400 -- 0.71 -- -- -- 4.11 5.33 2.44 3.81 3.26 3.79 1.07

600 -- 0.63 -- -- -- 3.70 5.41 3.04 9.09 4.40 5.13 2.38

800 -- 0.77 -- -- -- 2.90 6.92 4.81 7.66 7.06 5.87 1.98

1000 -- 0.79 -- -- -- 3.89 8.19 4.61 8.14 6.05 6.18 1.98

200 -- 0.59 -- -- -- 2.80 2.12 2.09 3.32 1.45 2.36 0.72

400 -- 0.57 -- -- -- 3.29 4.76 1.83 4.79 2.13 3.36 1.40

600 -- 0.63 -- -- -- 3.83 4.76 2.33 3.31 2.83 3.41 0.94

800 -- 0.53 -- -- -- 3.54 4.95 2.41 5.03 4.54 4.09 1.11

1000 -- 0.57 -- -- -- 3.10 4.84 3.30 7.75 4.79 4.76 1.86

200 -- 0.67 -- -- -- 1.49 1.27 1.67 1.84 1.30 1.51 0.24

400 -- 0.52 -- -- -- 2.59 2.62 1.68 4.11 1.32 2.46 1.08

600 -- 0.59 -- -- -- 2.87 4.08 1.74 4.20 1.96 2.97 1.15

800 -- 0.57 -- -- -- 3.50 3.90 2.13 3.80 2.59 3.18 0.78

1000 -- 0.54 -- -- -- 3.15 4.21 1.87 3.22 3.02 3.10 0.83

Eastern U.S. Ground Motions

MCE

Dense

Dense

Loose

Medium

EE

Loose

Medium

Western U.S. Ground Motions
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k

L

(psf/in.) (ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 0.06 0.37 0.02 0.15 0.19 1.32 1.22 2.38 0.50 1.56 1.40 0.68

400 0.08 0.25 0.07 0.13 0.10 2.50 2.17 2.76 1.11 1.66 2.04 0.66

600 0.10 0.28 0.03 0.14 0.13 2.77 3.51 2.58 1.83 2.48 2.64 0.60

800 0.10 0.30 0.02 0.14 0.15 3.23 4.21 3.30 1.83 2.94 3.10 0.85

1000 0.10 0.31 0.02 0.14 0.15 3.46 4.19 3.13 1.71 3.41 3.18 0.91

200 0.05 0.35 0.01 0.14 0.19 0.58 0.95 1.02 0.24 1.03 0.76 0.34

400 0.05 0.32 0.02 0.13 0.16 1.31 1.08 2.36 0.52 1.46 1.34 0.67

600 0.06 0.21 0.07 0.11 0.08 2.15 1.63 2.37 0.56 1.38 1.62 0.71

800 0.07 0.21 0.04 0.11 0.09 2.27 2.11 1.72 1.33 1.72 1.83 0.37

1000 0.08 0.25 0.03 0.12 0.12 2.38 3.14 2.25 1.46 2.14 2.28 0.60

200 0.03 0.19 0.01 0.08 0.10 0.41 0.48 0.91 0.17 0.68 0.53 0.28

400 0.04 0.26 0.01 0.10 0.14 0.55 0.87 1.46 0.23 1.05 0.83 0.47

600 0.04 0.25 0.02 0.10 0.13 0.88 0.72 1.58 0.33 1.09 0.92 0.46

800 0.04 0.20 0.04 0.09 0.09 1.39 0.99 1.67 0.50 1.07 1.12 0.44

1000 0.05 0.14 0.04 0.08 0.05 1.48 1.34 1.50 0.63 1.00 1.19 0.37

200 0.03 0.17 0.00 0.07 0.09 0.27 0.28 0.52 0.16 0.48 0.34 0.15

400 0.03 0.16 0.00 0.06 0.08 0.28 0.45 0.56 0.12 0.66 0.41 0.22

600 0.02 0.18 0.01 0.07 0.10 0.34 0.55 0.76 0.14 0.62 0.48 0.25

800 0.02 0.14 0.01 0.06 0.07 0.41 0.44 0.83 0.18 0.61 0.49 0.24

1000 0.03 0.13 0.02 0.06 0.07 0.78 0.56 1.00 0.31 0.64 0.66 0.26

P

p

/0.02H

11,000

UNSCALED

Eastern U.S. Ground Motions

5,500

22,00

Western U.S. Ground Motions
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k

L

(psf/in.) (ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 -- 0.22 -- -- -- 0.28 0.29 0.41 0.29 0.29 0.31 0.05

400 -- 0.13 -- -- -- 0.68 0.46 0.54 0.54 0.36 0.52 0.12

600 -- 0.16 -- -- -- 0.74 0.61 0.50 1.05 0.45 0.67 0.24

800 -- 0.17 -- -- -- 0.84 0.99 0.60 1.16 0.52 0.82 0.27

1000 -- 0.18 -- -- -- 1.02 1.03 0.62 1.07 0.61 0.87 0.23

200 -- 0.21 -- -- -- 0.17 0.21 0.20 0.15 0.23 0.19 0.03

400 -- 0.19 -- -- -- 0.35 0.27 0.38 0.31 0.24 0.31 0.06

600 -- 0.12 -- -- -- 0.47 0.33 0.45 0.34 0.28 0.37 0.08

800 -- 0.13 -- -- -- 0.53 0.40 0.43 0.72 0.29 0.47 0.16

1000 -- 0.15 -- -- -- 0.59 0.45 0.36 0.88 0.36 0.53 0.22

200 -- 0.12 -- -- -- 0.12 0.12 0.14 0.10 0.12 0.12 0.02

400 -- 0.16 -- -- -- 0.16 0.19 0.18 0.14 0.16 0.17 0.02

600 -- 0.15 -- -- -- 0.21 0.20 0.27 0.20 0.18 0.21 0.04

800 -- 0.12 -- -- -- 0.33 0.22 0.31 0.30 0.17 0.27 0.07

1000 -- 0.08 -- -- -- 0.36 0.28 0.34 0.32 0.22 0.30 0.05

200 -- 0.10 -- -- -- 0.08 0.06 0.09 0.09 0.08 0.08 0.01

400 -- 0.10 -- -- -- 0.09 0.08 0.11 0.07 0.09 0.09 0.01

600 -- 0.11 -- -- -- 0.09 0.12 0.10 0.08 0.11 0.10 0.02

800 -- 0.08 -- -- -- 0.10 0.12 0.15 0.11 0.12 0.12 0.02

1000 -- 0.08 -- -- -- 0.19 0.14 0.19 0.16 0.12 0.16 0.03

22,000

P

p

/0.02H

11,000

AASHTO

5,500

Western U.S. Ground Motions

Eastern U.S. Ground Motions
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k

L

(psf/in.) (ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 -- 0.37 -- -- -- 0.48 0.47 0.64 0.50 0.44 0.50 0.08

400 -- 0.25 -- -- -- 1.19 0.76 0.84 1.11 0.55 0.89 0.26

600 -- 0.28 -- -- -- 1.31 1.02 0.71 1.83 0.69 1.11 0.48

800 -- 0.30 -- -- -- 1.46 1.62 0.92 1.83 0.80 1.32 0.45

1000 -- 0.31 -- -- -- 1.66 1.54 0.95 1.71 1.03 1.38 0.36

200 -- 0.35 -- -- -- 0.29 0.33 0.30 0.24 0.34 0.30 0.04

400 -- 0.32 -- -- -- 0.59 0.44 0.58 0.52 0.36 0.50 0.10

600 -- 0.21 -- -- -- 0.86 0.53 0.68 0.56 0.43 0.61 0.17

800 -- 0.21 -- -- -- 0.97 0.65 0.64 1.33 0.43 0.80 0.35

1000 -- 0.25 -- -- -- 1.03 0.76 0.55 1.46 0.54 0.87 0.39

200 -- 0.19 -- -- -- 0.20 0.19 0.22 0.17 0.18 0.19 0.02

400 -- 0.26 -- -- -- 0.26 0.31 0.27 0.23 0.24 0.26 0.03

600 -- 0.25 -- -- -- 0.35 0.32 0.41 0.33 0.26 0.33 0.05

800 -- 0.20 -- -- -- 0.54 0.35 0.47 0.50 0.26 0.42 0.12

1000 -- 0.14 -- -- -- 0.67 0.44 0.49 0.63 0.34 0.51 0.14

200 -- 0.17 -- -- -- 0.13 0.10 0.13 0.16 0.12 0.13 0.02

400 -- 0.16 -- -- -- 0.15 0.13 0.16 0.12 0.14 0.14 0.02

600 -- 0.18 -- -- -- 0.14 0.20 0.16 0.14 0.17 0.16 0.02

800 -- 0.14 -- -- -- 0.17 0.19 0.23 0.18 0.18 0.19 0.02

1000 -- 0.13 -- -- -- 0.32 0.22 0.30 0.31 0.18 0.27 0.06

22,000

P

p

/0.02H

11,000

Eastern U.S. Ground Motions

EE

5,500

Western U.S. Ground Motions
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k

L

(psf/in.) (ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 -- 0.68 -- -- -- 1.32 1.22 1.52 1.38 1.16 1.32 0.14

400 -- 0.46 -- -- -- 2.50 2.17 1.82 3.70 1.22 2.28 0.93

600 -- 0.52 -- -- -- 2.77 3.51 1.55 4.52 1.82 2.84 1.22

800 -- 0.54 -- -- -- 3.23 4.21 2.12 4.30 2.16 3.20 1.06

1000 -- 0.55 -- -- -- 3.46 4.19 2.06 3.36 2.54 3.12 0.83

200 -- 0.64 -- -- -- 0.58 0.95 0.67 0.57 0.86 0.73 0.17

400 -- 0.57 -- -- -- 1.31 1.08 1.34 1.44 1.03 1.24 0.18

600 -- 0.37 -- -- -- 2.15 1.63 1.57 2.68 1.11 1.83 0.60

800 -- 0.38 -- -- -- 2.27 2.11 1.39 3.56 1.17 2.10 0.94

1000 -- 0.45 -- -- -- 2.38 3.14 1.25 3.69 1.49 2.39 1.04

200 -- 0.35 -- -- -- 0.41 0.48 0.48 0.40 0.45 0.44 0.04

400 -- 0.47 -- -- -- 0.55 0.87 0.74 0.71 0.74 0.72 0.12

600 -- 0.44 -- -- -- 0.88 0.72 0.95 1.01 0.78 0.87 0.12

800 -- 0.36 -- -- -- 1.39 0.99 1.05 1.17 0.75 1.07 0.23

1000 -- 0.25 -- -- -- 1.48 1.34 1.04 2.27 0.72 1.37 0.58

200 -- 0.33 -- -- -- 0.27 0.28 0.28 0.36 0.33 0.30 0.04

400 -- 0.31 -- -- -- 0.28 0.45 0.40 0.39 0.48 0.40 0.07

600 -- 0.30 -- -- -- 0.34 0.55 0.41 0.40 0.47 0.43 0.08

800 -- 0.26 -- -- -- 0.41 0.44 0.53 0.44 0.46 0.46 0.04

1000 -- 0.23 -- -- -- 0.78 0.56 0.66 0.65 0.44 0.62 0.12

Western U.S. Ground Motions

P

p

/0.02H

Eastern U.S. Ground Motions

MCE

22,000

11,000

5,500
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P

max

L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 0.03 0.20 0.01 0.08 0.10 0.47 0.93 1.29 0.17 1.18 0.81 0.48

400 0.04 0.26 0.01 0.10 0.14 0.85 0.75 1.80 0.31 1.30 1.00 0.57

600 0.04 0.25 0.02 0.10 0.13 1.44 1.11 1.80 0.49 1.12 1.19 0.48

800 0.05 0.21 0.04 0.10 0.10 1.69 1.50 1.69 0.59 1.13 1.32 0.47

1000 0.05 0.15 0.05 0.08 0.06 1.63 1.73 1.33 1.13 1.53 1.47 0.24

200 0.04 0.30 0.01 0.12 0.16 0.52 0.73 0.89 0.23 0.93 0.66 0.29

400 0.04 0.26 0.02 0.11 0.13 0.75 0.88 1.70 0.36 1.20 0.98 0.50

600 0.05 0.20 0.04 0.09 0.09 1.25 0.93 1.71 0.51 1.04 1.09 0.44

800 0.05 0.15 0.05 0.08 0.06 1.59 1.31 1.82 0.57 1.09 1.28 0.48

1000 0.06 0.17 0.03 0.09 0.08 1.50 1.56 1.48 1.05 1.26 1.37 0.21

200 -- 0.12 -- -- -- 0.12 0.12 0.15 0.10 0.12 0.12 0.02

400 -- 0.16 -- -- -- 0.17 0.21 0.20 0.15 0.17 0.18 0.03

600 -- 0.16 -- -- -- 0.25 0.22 0.30 0.23 0.19 0.24 0.04

800 -- 0.13 -- -- -- 0.39 0.24 0.35 0.30 0.20 0.30 0.08

1000 -- 0.08 -- -- -- 0.44 0.30 0.34 0.52 0.24 0.37 0.11

200 -- 0.18 -- -- -- 0.15 0.17 0.18 0.14 0.20 0.17 0.02

400 -- 0.15 -- -- -- 0.21 0.22 0.30 0.21 0.21 0.23 0.04

600 -- 0.12 -- -- -- 0.33 0.22 0.31 0.31 0.18 0.27 0.06

800 -- 0.09 -- -- -- 0.41 0.28 0.35 0.34 0.23 0.32 0.07

1000 -- 0.10 -- -- -- 0.41 0.32 0.31 0.61 0.24 0.38 0.15
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P

max

L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 -- 0.20 -- -- -- 0.21 0.19 0.22 0.17 0.18 0.20 0.02

400 -- 0.26 -- -- -- 0.31 0.36 0.36 0.31 0.29 0.32 0.03

600 -- 0.25 -- -- -- 0.48 0.32 0.48 0.49 0.32 0.42 0.09

800 -- 0.21 -- -- -- 0.77 0.41 0.52 0.59 0.32 0.52 0.17

1000 -- 0.15 -- -- -- 0.79 0.56 0.50 1.13 0.31 0.66 0.31

200 -- 0.30 -- -- -- 0.26 0.27 0.28 0.23 0.29 0.27 0.02

400 -- 0.26 -- -- -- 0.36 0.35 0.45 0.36 0.32 0.37 0.05

600 -- 0.20 -- -- -- 0.55 0.35 0.46 0.51 0.28 0.43 0.11

800 -- 0.15 -- -- -- 0.70 0.46 0.52 0.57 0.35 0.52 0.13

1000 -- 0.17 -- -- -- 0.69 0.52 0.47 1.05 0.36 0.62 0.27

200 -- 0.48 -- -- -- 0.47 0.93 0.63 0.72 0.61 0.67 0.17

400 -- 0.44 -- -- -- 0.85 0.75 1.08 1.16 0.96 0.96 0.17

600 -- 0.40 -- -- -- 1.44 1.11 1.16 1.27 0.80 1.16 0.24

800 -- 0.35 -- -- -- 1.69 1.50 1.14 2.31 0.72 1.47 0.60

1000 -- 0.28 -- -- -- 1.63 1.73 0.91 2.56 0.97 1.56 0.67

200 -- 0.55 -- -- -- 0.52 0.73 0.60 0.53 0.73 0.62 0.10

400 -- 0.47 -- -- -- 0.75 0.88 1.04 0.87 0.85 0.88 0.10

600 -- 0.36 -- -- -- 1.25 0.93 1.07 1.17 0.73 1.03 0.21

800 -- 0.27 -- -- -- 1.59 1.31 1.17 1.81 0.87 1.35 0.37

1000 -- 0.31 -- -- -- 1.50 1.56 1.06 2.56 0.91 1.52 0.64
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L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 0.03 0.21 0.01 0.08 0.11 0.31 0.43 0.37 0.20 0.65 0.39 0.17

400 0.03 0.14 0.01 0.06 0.07 0.41 0.50 1.07 0.21 0.70 0.58 0.33

600 0.03 0.15 0.02 0.07 0.07 0.84 0.68 1.34 0.35 0.70 0.78 0.36

800 0.04 0.13 0.04 0.07 0.05 1.20 0.94 1.37 0.36 0.85 0.94 0.39

1000 0.05 0.13 0.03 0.07 0.05 1.20 1.14 1.13 0.70 0.91 1.02 0.21

200 -- 0.13 -- -- -- 0.09 0.10 0.07 0.12 0.12 0.10 0.02

400 -- 0.09 -- -- -- 0.12 0.12 0.16 0.13 0.14 0.13 0.01

600 -- 0.09 -- -- -- 0.21 0.15 0.21 0.21 0.14 0.18 0.04

800 -- 0.08 -- -- -- 0.28 0.20 0.27 0.21 0.17 0.23 0.05

1000 -- 0.07 -- -- -- 0.35 0.25 0.28 0.38 0.17 0.28 0.08

200 -- 0.21 -- -- -- 0.15 0.16 0.11 0.20 0.18 0.16 0.03

400 -- 0.14 -- -- -- 0.20 0.20 0.23 0.21 0.21 0.21 0.01

600 -- 0.15 -- -- -- 0.34 0.24 0.31 0.35 0.20 0.29 0.06

800 -- 0.13 -- -- -- 0.50 0.33 0.40 0.36 0.26 0.37 0.09

1000 -- 0.13 -- -- -- 0.58 0.39 0.41 0.70 0.26 0.47 0.17

200 -- 0.38 -- -- -- 0.31 0.43 0.23 0.45 0.46 0.38 0.10

400 -- 0.26 -- -- -- 0.41 0.50 0.59 0.50 0.52 0.51 0.07

600 -- 0.27 -- -- -- 0.84 0.68 0.77 0.89 0.49 0.73 0.16

800 -- 0.23 -- -- -- 1.20 0.94 0.88 1.35 0.67 1.01 0.27

1000 -- 0.23 -- -- -- 1.20 1.14 0.81 2.04 0.64 1.16 0.54
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L

(ft) (1) (2) (3) Avg Std Dev (4) (5) (6) (7) (8) Avg Std Dev

200 0.04 0.27 0.01 0.11 0.14 0.48 0.70 0.96 0.19 0.95 0.65 0.33

400 0.04 0.26 0.01 0.10 0.14 0.81 0.92 1.88 0.31 1.40 1.06 0.60

600 0.05 0.27 0.02 0.12 0.14 1.38 0.92 1.99 0.45 1.19 1.18 0.57

800 0.05 0.21 0.05 0.10 0.09 1.78 1.41 1.82 0.52 1.03 1.31 0.55

1000 0.06 0.16 0.04 0.09 0.06 1.78 1.75 1.38 1.04 1.38 1.46 0.31

200 -- 0.16 -- -- -- 0.14 0.15 0.19 0.11 0.17 0.15 0.03

400 -- 0.16 -- -- -- 0.18 0.23 0.25 0.19 0.22 0.21 0.03

600 -- 0.16 -- -- -- 0.30 0.24 0.33 0.26 0.22 0.27 0.05

800 -- 0.13 -- -- -- 0.41 0.28 0.39 0.32 0.23 0.33 0.07

1000 -- 0.09 -- -- -- 0.44 0.34 0.38 0.49 0.26 0.38 0.09

200 -- 0.27 -- -- -- 0.24 0.24 0.28 0.19 0.25 0.24 0.03

400 -- 0.26 -- -- -- 0.30 0.37 0.38 0.31 0.32 0.34 0.04

600 -- 0.27 -- -- -- 0.50 0.39 0.50 0.45 0.32 0.43 0.08

800 -- 0.21 -- -- -- 0.73 0.45 0.58 0.52 0.35 0.53 0.14

1000 -- 0.16 -- -- -- 0.79 0.53 0.55 1.04 0.39 0.66 0.26

200 -- 0.49 -- -- -- 0.48 0.70 0.65 0.47 0.69 0.60 0.11

400 -- 0.46 -- -- -- 0.81 0.92 1.14 1.18 0.95 1.00 0.16

600 -- 0.48 -- -- -- 1.38 0.92 1.19 1.33 0.92 1.15 0.22

800 -- 0.38 -- -- -- 1.78 1.41 1.26 2.35 0.93 1.55 0.55

1000 -- 0.29 -- -- -- 1.78 1.75 1.07 2.87 0.93 1.68 0.77
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Note:

Abutment height for all 

cases is 10 ft.  Pile length 

for all cases is 40 ft.  Piles 

were assumed to be fixed at 

the base.


